Previous research suggests that extinction learning is temporally specific. Changing the conditioned stimulus (CS) duration between training and extinction can facilitate the loss of the conditioned response (CR) within the extinction session but impairs long-term retention of extinction. In 2 experiments using conditioned magazine approach with rats, we examined the relation between temporal specificity of extinction and CR timing. In Experiment 1, rats were trained on a 12-s, fixed CS-unconditional stimulus interval and then extinguished with CS presentations that were 6, 12, or 24 s in duration. The design of Experiment 2 was the same except rats were trained using partial rather than continuous reinforcement. In both experiments, extending the CS duration in extinction facilitated the diminution of CRs during the extinction session, but shortening the CS duration failed to slow extinction. In addition, extending (but not shortening) the CS duration caused temporal rescaling of the CR, in that the peak CR rate migrated later into the trial over the course of extinction training. This migration partially accounted for the faster loss of the CR when the CS duration was extended. Results are incompatible with the hypothesis that extinction is driven by cumulative CS exposure and suggest that temporally extended nonreinforced CS exposure reduces conditioned responding via temporal displacement rather than through extinction per se.
The repeated presentation of a conditioned stimulus (CS) without the unconditioned stimulus (US) causes extinction of CRs. But what feature of a CS presentation drives extinction? As the number of nonreinforced trials accumulate in an extinction procedure, the cumulative duration of nonreinforced exposure to the CS necessarily increases. In many experiments these two aspects of extinction-the number of nonreinforced trials and cumulative exposure-are confounded. From a theoretical point of view this confounding is important, as some theories suggest that extinction depends on the number of nonreinforced trials (Mackintosh, 1975; Pearce & Hall, 1980; Rescorla & Wagner, 1972) , some alternatives assert that extinction depends on cumulative nonreinforced exposure to CS (Gallistel & Gibbon, 2000) , and other theoretical approaches allow for both possibilities (Balsam, Drew, & Gallistel, 2010; Gallistel, 2012; Gallistel & Balsam, 2014) .
The cumulative exposure theories are based on the idea that during conditioning subjects come to form temporal expectations about the rate of US presentation Balsam & Gallistel, 2009; Gallistel & Gibbon, 2000; Ward, Gallistel, & Balsam, 2013) . To compute rates, animals must accumulate the duration of CSs as well as the number of USs signaled by the CS. Consequently, extinction will depend on detecting that the rate of US presentations has changed. When US rates are low this will necessarily take longer (greater cumulative exposure) than when US rates are high. The strong prediction of these theories is that when cues are partially reinforced during acquisition, the number of trials it takes to reach an extinction criterion will be inversely proportional to US probability. Take as an example a 10-s CS that is reinforced on every occasion. The minimum exposure to the CS that is needed to detect that a reward was not presented will be 10 s. On the other hand, if a 10-s cue is reinforced on 50% of its presentations the animal will come to expect reward on average after 20 s of CS. Consequently, it will need at least 20 s of exposure to the CS in extinction to detect that the US was omitted. There have been a few tests of this prediction about partial reinforcement. Haselgrove, Aydin, and Pearce (2004) examined extinction after continuous and partial reinforcement in CSs that were equivalent with respect to the expected rate of reward. They either changed the duration of CSs (e.g., a 10-s cue reinforced 50% of the time vs. a 20-s cue reinforced 100% of the time) or the number of USs per CS (e.g., a 10-s CS reinforced 50% of the time with 2 USs vs. a 10-s CS reinforced 100% of the time) to equate the US rates in the partial and continuous conditions. Nevertheless, they found that extinction took longer in all conditions in which the CS was partially reinforced. Using a similar experimental design, Bouton, Woods, and Todd (2014) observed similar results. The data are not consistent with time-based theories, which predict that extinction speed should be directly related to CS duration. The empirical evidence instead suggests that extinction is a trial-driven process Drew, Yang, Ohyama, & Balsam, Although these studies provide convincing evidence that the speed with which CRs extinguish is regulated by the number of discrete extinction trials, this is not to say that the temporal properties of trials have no impact on extinction. If the duration of the CS in extinction is very different (longer or shorter) than the one used during conditioning, extinction is more rapid (Drew et al., 2004; Haselgrove & Pearce, 2003) -likely the result of generalization decrement in the same way that changing other properties of CSs in extinction diminish CR strength (Hovland, 1937) . Furthermore, there is evidence that retention of extinction learning is best when the training and extinction CS durations are identical. That is, spontaneous recovery of CRs is high if extinction occurs with a CS of different duration than the training CS (Drew et al., 2004; Plendl & Wotjak, 2010) . This effect of changing the CS duration could, again, reflect generalization decrement (Drew et al., 2004) .
However, another reason why changes in CS duration might influence the speed and permanence of extinction could arise because a change in CS duration during extinction might itself change the expected time of US arrival. Previous work examining CR timing following extinction suggests that during extinctionspecific temporal expectancies of the US are preserved (Drew et al., 2004; Dudeney, Olsen, & Kehoe, 2007; Guilhardi & Church, 2006; Ohyama, Gibbon, Deich, & Balsam, 1999) and are reflected in maximum CR probability around the expected time of US presentation when subjects are retested on the original training CS duration. However, an additional potentially important effect of changing CS duration during extinction was found by Guilhardi and Church (2006) in a series of creative experiments. In their second experiment, rats were trained on fixed interval (FI) schedules to expect reward in the presence of three different cues that each signaled a different expected time to reward. As in previous studies, anticipatory responding was scaled such that the maximum response rate coincided with the expected delay to reward signaled by each cue. For some subjects, the cue durations were changed in extinction. Surprisingly, the pattern of anticipatory responding was determined by the duration of the cues in extinction, not by the previous training interval. Subjects' maximal responding shifted to the end of the extinction cue even when the cue was of a different duration than the training cue. It appeared as though the subjects rescaled their expectation of reward to the new cue durations as reflected in this shift in CR timing.
The current studies had two main purposes. First, we sought to monitor changes in CR timing during extinction and spontaneous recovery and determine the extent to which such changes account for effects of CS duration on extinction speed and retention. Second, we asked whether the sensitivity to changes in CS duration during extinction is modulated by the training protocol. In previous studies demonstrating that changes in CS duration between training and extinction impair long-term extinction (Drew et al., 2004; Plendl & Wotjak, 2010) subjects were trained on continuous reinforcement (CRF). In contrast, studies examining changes in CS duration after partial reinforcement (PRF) focused exclusively on within-session extinction. We wondered whether PRF might encourage more temporally based expectancies (Harris, Patterson, & Gharaei, 2015) , that might render subjects more sensitive to effects of cumulative CS exposure on long-term extinction.
Consequently, we examined the effect of changing the CS duration between training and extinction. Rats were trained with a fixed CS-US interval using a Pavlovian magazine approach paradigm. In Experiment 1 rats were trained with continuous reinforcement (CRF); in Experiment 2 PRF was used. In extinction, rats received CS presentations that were shorter, the same as, or longer than the acquisition CS duration. On the day following extinction, rats received a test session with the original CS duration. Our analysis focuses on the rate of decrease of responding during extinction as well as the temporal distributions of responding. Our goals were (a) to assess whether the training reinforcement schedule (CRF vs. PRF) affects sensitivity to changes in CS duration in extinction, (b) to determine whether changes in CS duration during extinction modify CR timing, and, if so, (c) to assess the extent to which changes in CR timing account for effects of CS duration on extinction speed and retention of extinction.
Experiment 1
In Experiment 1 rats were trained on CRF in a Pavlovian approach paradigm using a 12-s fixed CS-US interval. During extinction, the CS presentations were 6, 12, or 24 s in duration in different groups of subjects. On the day following extinction, rats received a test session with CS presentations at the original 12-s duration. We assess how a change in CS duration affects the loss of responding and the timing of responding within the extinction session and in the test session the following day.
Method
Subjects. Forty-eight male Sprague-Dawley rats (400 -550 g), which were housed on a 13-11 light-dark cycle (lights on at 8:00 a.m.). They were given 1 h access to food (Purina rat chow) per day and ad libitum water, except on weekends when they were allowed free access to food until Sunday afternoon. The experimental protocol was approved by the Columbia University Institutional Animal Care and Use Committee.
Apparatus. The subjects were trained and tested in modular test chambers (Med Associates, Georgia, VT; model ENV-008-VP) with dimensions of 30 ϫ 24 ϫ 21 cm. The chambers were housed individually inside light-and sound-attenuating isolation boxes equipped with fans for ventilation. A food trough (5 ϫ 5 cm) was centered in the right side panel, 2 cm above the floor. The food trough was equipped with an infrared photocell that recorded head entries, the response of interest in this study. The chambers were illuminated throughout the session by a red stimulus light, acting as a houselight. The chambers were equipped with a speaker that delivered an 80-dB white noise serving as the conditioned stimulus.
Procedure. Rats were given feeder training sessions, once per day on consecutive days. Rats were placed in the test chambers with the houselight illuminated and five food pellets (45 mg grain-based pellets, Bioserve, Frenchtown, NJ) in the food trough. After 15 min, they were removed. By the second session, all rats were eating from the trough. Next, rats received up to five sessions of magazine training. Pellets were dropped into the food trough on a variable-time schedule with an interpellet interval averaging 45s. The session ended after 20 pellets had been presented. Sessions continued until each pellet was consumed within 5 s after being presented. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Upon completion of pretraining rats received 14 -17 conditioning sessions in which a fixed-duration white noise CS (80 dB) was paired with food pellet US on a CRF schedule. Each training session consisted of eight pairings of a 12-s white noise CS and food pellet US. The food pellet was delivered as the CS terminated. The intertrial interval (ITI) was variable with a mean of 120 s (minimum 22 s, maximum 442 s). At the completion of acquisition, subjects were assigned to three groups, matched for CS response rate during the final two acquisition sessions. Rats then received a single extinction session in which the CS was presented 80 times without reinforcement, and the CS duration was 6 s (n ϭ 16; Group 6), 12 s (n ϭ 16; Group 12), or 24 s (n ϭ 16; Group 24). The ITI was the same as that used during training. Because all the extinction sessions could not be run in a single day (because of their length), the sessions were staggered, with subjects receiving acquisition sessions until their extinction day arrived. On the day following extinction, rats received a test session consisting of 16 CS presentations, and the CS duration was 12 s for all subjects. The ITI was the same as in training.
Data analysis. The primary measure of interest was the rate of head entries into the food compartment (entries/s). The extinction data were analyzed in two ways. First we analyzed per-trial response rates as a function of trials. These data were analyzed using Group ϫ Trial Block mixed analysis of variance (ANOVA) implemented in SPSS Version 24. Trial block was treated as a repeated measure. ANOVA interactions were probed using pairwise Tukey's HSD tests for between-subjects comparisons and Bonferroni-corrected one-way analysis for within-subject comparisons. Effect size was calculated using the partial eta-squared statistic ( p 2 ), which is reported with 90% confidence intervals using the method described by Steiger (2004) and calculated using the MBESS package in R (Kelley, 2007) .
We also assessed temporal distribution of responses during extinction using curve fitting described below. The fit parameters (I and r 2 ) were analyzed using a linear mixed model implemented in JMP (SAS Institute, Cary, NC). The mixed model was used (rather than ANOVA) because of its tolerance of missing observations, which, in this case, occurred when subjects failed to emit enough responses for inclusion in the temporal analysis (see below). The basic form of the mixed model included CS duration, Trial Block, and the CS Duration ϫ Trial Block interaction as predictors. Subjects were included as a random variable (nested within CS duration), which permitted each individual subject to have a unique intercept that accounted for individual differences in response rate. Because the dependent measures typically changed monotonically as a function of trial block, trial block was treated as a continuous variable with 1 degree of freedom. The models were fit using the restricted maximum likelihood method. The contributions of each predictor to the model were evaluated by computing a type III F ratio, which evaluates the marginal contribution of each predictor after excluding variance explained by the other predictors in the model. Curve fitting. To characterize the timing of responding during the CS in extinction, Weibull cumulative distribution functions were fit to within-CS response distributions of individual subjects. The data were response rates per second of the trial, averaged into 2-trial (Experiment 1) or 8-trial (Experiment 2) blocks. The data were converted to cumulative sum functions, then fit to a 3-parameter Weibull cumulative distribution function
The data were fit using the nonlinear least squares method in the MatLab curve fitting toolbox (Mathworks, Inc.). Our analysis focused on the first inflection point of the obtained curve, which identifies the time at which response rate transitioned from low to high. This point, which we termed I, was defined as the maximum of the second derivative (determined empirically) of the Weibull fit. Only those fits that accounted for more than 70% of variance in the data (coefficient of determination Ͼ .7) were included in analysis. All trial blocks with at least two responses were fit.
Bootstrap analysis. A mere reduction in responding may be sufficient to produce a rightward shift in the temporal distribution of responses. Bootstrap analysis was used to test whether the temporal rescaling observed in our data exceeded that expected purely on the basis of decreased responding during extinction. The data represented in Figures 4 and 10 were the source of the bootstrap samples. These data (response rates per second of the CS) were converted to arrays of response times, each data point representing the time (relative to CS onset) of one response. The bootstrap samples were selected randomly with replacement from these arrays. The trial block from which the responses were drawn was denoted Source RT . We varied the number of responses, n, selected for each bootstrap sample. The number, n, corresponded to the number of responses made during a particular block of extinction. The trial block from which n was obtained was denoted Source n . To test the hypothesis that a reduction in responding is sufficient to cause an apparent rescaling of response timing, we performed a boostrapping experiment in which Source RT was Trial Block 1, and each of the first four trial blocks was used as Source n . For comparison, in a second bootstrap analysis Source RT and Source n were the same. One thousand samples were generated for each trial block (1-4 in Experiment 1 and 1-6 in Experiment 2) of each subject. Curve fitting was performed on each bootstrap sample, as described above. The median I value and goodness-of-fit (r 2 ) were taken across the 1,000 bootstrap samples for each subject.
Statistical analysis of the bootstrap data tested whether the increase in S over Source n trial blocks was larger when Source RT ϭ Source n then when Source RT was always Trial Block 1. The S values for each CS duration group were fit to each of two linear mixed models using the lme4 package in R (Bates, Mächler, Bolker, & Walker, 2015) . Model 1 included Source n Trial Block, and Source RT , but not their interaction, as predictors. Model 2 included the interaction and the main effect terms. Subjects were included as a random effect in both models. The models were fit using the maximum likelihood method (Pinheiro & Bates, 2010; Winter, 2013 ) and compared using the likelihood ratio, which approximates the chi-square ( 2 ) distribution. A significant chisquare indicates the presence of a significant Source n ϫ Source RT interaction and supports the conclusion that the increase in I over trials exceeded that caused by a change in response rate. We also computed a Bayes factor (BF) to compare the likelihood of the data under the two linear models. BF 10 refers to the likelihood of the alternative hypothesis (interaction model) compared to the null (main effects only model), whereas BF 01 (BF 01 ϭ 1/BF 10 ) refers to the likelihood of the null compared to the alternative. The BF This document is copyrighted by the American Psychological Association or one of its allied publishers.
was calculated using JZS method in the BayesFactor package in R (http://bayesfactorpcl.r-forge.r-project.org/; Rouder, Morey, Speckman, & Province, 2012; Rouder, Speckman, Sun, Morey, & Iverson, 2009) . A BF greater than 3 is considered "some evidence" in favor of one hypothesis (or model) over the other; odds greater than 10 is considered "strong evidence"; and odds greater than 30 is considered "very strong evidence" (Jeffreys, 1998) .
Results and Discussion
As shown in Figure 1 , during acquisition training rats reached asymptotic levels of responding within approximately eight training sessions. Response rates during the CS where substantially higher than those during the pre-CS period, defined as the 12 s prior to CS onset.
For the extinction session, we first analyzed responding during the pre-CS periods ( Figure 2A ). The pre-CS rates were quite low in all groups relative to the CS rates. The pre-CS rates declined over trials (F 11,495 ϭ 7.72, p Ͻ .001, p 2 ϭ .15 [.08, .18]) but did not differ by CS Duration (F Ͻ 1) or the interaction (F 22,495 ϭ 1.3, p ϭ .181). The CS response rates were analyzed in three ways. First we analyzed the whole-CS response rates as a function of trials (2-trial blocks) during the extinction session ( Figure 2B ). Because all subjects had fully extinguished by the 12th trial block, only the first 12 blocks were included in the analysis. Data were subjected to a Trial Block ϫ CS Duration ANOVA with the former as a repeated measure. The Trial Block ϫ CS Duration interaction was highly significant, F 22,495 ϭ 2.07, p ϭ .003, p 2 ϭ .084 [.006, .104 ]. The interaction was probed using pairwise comparisons within each Trial Block. The Group 12 response rate exceeded that of each of the other two groups in Trials Blocks 1 (ps Ͻ .01), 3 (ps Ͻ .01), and 4 (ps Ͻ .05). Group 24 and Group 6 differed in Block 6 (p ϭ .032). The analysis suggests that Groups 6 and 24 groups extinguished faster than Group 12.
The apparent differences in extinction speed may be an artifact related to the change in CS duration between training and extinction. CRs are timed to anticipate the US, meaning that the CR rate varies across the duration of a CS presentation. Thus, the response rate will depend on which portion of the CS was included in the calculation. To control for this source of variation, we conducted additional analyses using comparable segments of the CS. First we analyzed only the first 6 s of each CS presentation for all groups ( Figure 2C ). The data were subjected to Trial Block ϫ CS Duration ANOVA, which yielded a significant effects of CS duration (F 2,45 but not of the interaction (F Ͻ 1). Pairwise comparisons among the three groups confirmed that Group 24's response rate was significantly lower than that of the Groups 12 (p ϭ .012) and 6 (p ϭ .048), but Groups 12 and 6 (p ϭ .852) did not differ. We also compared the groups using only the final 6 s of each CS presentation ( Figure 2D ). In this analysis the Trial Block ϫ CS Duration interaction reached significance (F 22, 495 ϭ 3.4, p Ͻ .001, p 2 ϭ .13 [.053, .139] ). Post hoc pairwise comparisons within each trial block showed that Group 12 exceeded Groups 6 and 24 in Trial Blocks 1, 3 and 4 (p's Ͻ .01). Groups 6 and 24 differed only in Trial Block 6 (p ϭ .047).
Thus, the effects of changing the CS duration during extinction depended on which portion of the extinction CS was analyzed. When the whole CS or only the last 6 s of the CS were analyzed, a changed CS duration during extinction was associated with faster cessation of responding. However, when the only first 6 s of the CS was analyzed, extending the CS duration in extinction speeded the cessation of responding but shortening the CS duration had no effect. The results are partially consistent with those of Drew et al. This document is copyrighted by the American Psychological Association or one of its allied publishers.
(2004) and Haselgrove and Pearce (2003) . Both studies reported that increases in CS duration between training and extinction facilitated within-session extinction. Haselgrove and Pearce reported that decreases in CS duration were also sufficient to facilitate extinction; however, the changes in CS duration were much larger than those employed in the current experiments. The current data suggest that measures of extinction speed vary depending on which portion of the CS is analyzed, and the effects of changing the CS duration on extinction may, in part, reflect changes in CR timing. We revisit this issue below. On the day following extinction, all rats received test trials with the original CS duration. Pre-CS rates (Figure 3 , left panel) and CS rates (Figure 3 , right panel) were both low. Responding during the pre-CS period did not differ significantly among Groups, although the CS Duration ϫ Trial Block interaction approached significance (F 14,315 ϭ 1.6, p ϭ .082). During the CS periods responding was modestly higher in Group 6 than the other groups. A CS Duration ϫ Trial Block ANOVA on the CS rates revealed a significant effect of CS duration (F 2, 45 ϭ 3.9, p ϭ .027, p 2 ϭ .15 [.010, .283]) but not of the interaction (F 14, 315 ϭ 1.4, p ϭ .135). In follow-up pairwise comparisons, Groups 6 and 24 differed significantly (p ϭ .021), but the other comparisons did not reach significance. The test session results are consistent with those of Drew et al. (2004) , who reported that decreases in CS duration between training extinction were associated with stronger spontaneous recovery during a test session with the original CS duration. However, the present test session should be interpreted with caution because of the potential for floor effects resulting from the low CS response rates.
Timing in extinction. The fact that extinction speed varied according to which portion of the CS was analyzed raises the question of how CRs are timed during extinction, and whether CR timing is influenced by the extinction CS duration. We plotted the temporal distribution of responses as a function of time within the CS for each block of two extinction trials. Because timing can only be assessed in subjects that exhibit responses, we limited our analysis to the first four trial blocks. As shown in Figure 4 , all groups showed evidence of timed responding, in that the response rate peaked near the time at which the US was delivered during training. However, CR timing appeared to change over the course of extinction, particularly in Group 24, whose asymptote appeared to shift rightward during extinction. To quantify changes in CR timing, we used the curve fitting method described above to determine the time, I (in seconds), during the CS at which response rate transitioned from low to high ( Figure 5A ). The number of subjects meeting criteria for inclusion in the modeling (see Methods section) is shown in Figure 5B . The fit results are shown in Figure 5C and 5D. The mean coefficient of determination (r 2 ), which represents the amount of variance accounted for by the model, exceeded .9 for all groups ( Figure 5C ) and did not differ by Group (F 2,39 ϭ 1.5, p ϭ .240), Trial Block (F 1,118 ϭ 2.6, p ϭ .107) or the Group ϫ Trial interaction (F 2,117 Ͻ 1). The value of the I parameter ( Figure 5D ), however, was modulated by the Group ϫ Trial interaction (F 2,120 ϭ 5.3, p ϭ .006). Simple effects analysis using a Bonferroni-corrected criterion indicated that I increased as a function of trials in Group 24 (F 1,42 ϭ 12.6, p ϭ .001) but not in Groups 6 (F Ͻ 1) or 12 (F 1,45 ϭ 1.2, p ϭ .284).
We wished to assess whether the rightward shift in response timing during extinction was greater in magnitude than any shift caused simply by a decrease in responding. As the response rate decreases in extinction, responding early in the trial may cease before responding later in the trial, creating an apparent rightward shift in the temporal distribution of responses. This could conceivably produce an increase in the value of I. To assess the extent to which changes in response rate explain changes in I during extinction, we performed a bootstrapping experiment in which different numbers of responses were drawn from the pool of responses that occurred during different extinction trial blocks. We first used the responses during Trial Block 1 (before rescaling) as the source of the bootstrap samples (i.e., Source RT ϭ 1). To test the hypothesis that a reduction in responding is sufficient to alter This document is copyrighted by the American Psychological Association or one of its allied publishers.
response timing, we varied the number of responses, n, selected (with replacement) for each bootstrap sample. The value of n was equal to the number of responses made during each (actual) extinction trial block. For example, subject 1,006 made 22 responses during Block 1 of extinction and six responses during Block 4 ( Figure 6A , B). Bootstrap samples were generated by selecting 22 responses from Block 1 (Source RT ϭ 1, Source n ϭ 1) or 6 responses from Block 1 (Source RT ϭ 1, Source n ϭ 4). For comparison, we generated bootstrap samples in which Source RT and Source n were the same; for example, six responses were drawn from Block 4 (Source RT ϭ Source n ϭ 4). One thousand samples were generated for each trial block of each subject. Curve fitting was performed on each sample, as described above. The median I value and goodness-of-fit (r 2 ) were taken across the 1,000 bootstrap samples for each subject, then analyzed using mixed-effects model with Source RT , Source n , and their interaction as independent variables. If the reduction in responding during extinction is sufficient to increase I, then the value of I should increase as a function of Source n trial blocks regardless of Source RT . If, on the other hand, the shift in I exceeds that expected purely on the basis of reduced responding, then the change in I will be larger when Source RT ϭ Source n than when Source RT is Trial Block 1.
The results of the boostrap analysis are shown in Figure 6C . The data for each CS duration group were individually analyzed using the mixed model to test for an interaction between Source n Trial Block, and Source RT . A significant interaction would indicate that the change in I over trials exceeded any migration attributable to a decline in responding. As described above (see the Data Analysis section), the obtained S values were fit to two linear models, one including Source n Trial Block, and Source RT main effects as predictors and a second model with the interaction and main effects as predictors. Both models included Subjects as a random variable. In Group 24 the interaction model provided a better fit to the data than the main effects model ( 2 ϭ 11.4, df ϭ 1, p Ͻ .001). Follow-up pairwise comparisons at each level of Trial Block confirmed significant effects of Source RT in Source n Trial Blocks 3 and 4 (ps Ͻ .02). The two models were additionally compared using the Bayes factor, which confirmed that the data were more consistent with the interaction model than with the main effects model (BF 10 ϭ 4.61). In contrast, for Groups 6 and 12, the interaction models failed to provide a better fit than the main effects models ( 2 's Ͻ 1, df's ϭ 1, p's Ͼ .3). In these groups, the Bayes factors indicated a weak preference for the main effects model over the interaction model (Group 6: BF 01 ϭ 2.9; Group 12: BF 01 ϭ 2.9). The analysis indicates that only Group 24 exhibited a migration of I during extinction, and this migration exceeded what would be expected purely because of a reduction in responding. We did not detect evidence of migration in Groups 6 and 12. This document is copyrighted by the American Psychological Association or one of its allied publishers.
However, we cannot exclude the possibility of a weaker (undetected) migration these groups, particularly because of the small number of subjects in Group 6 meeting the criteria for inclusion in this analysis. In summary, the results of Experiment 1 are consistent with earlier reports that a change in CS duration between training and extinction can facilitate within-session extinction (Drew et al., 2004; Haselgrove & Pearce, 2003) and weaken long-term extinction (Drew et al., 2004) . There was also evidence for temporal rescaling (Guilhardi & Church, 2006) . When the extinction CS duration was longer than the training CS duration, conditioned responding migrated toward later periods in the trial as extinction progressed. The migration was not evident in groups extinguished with CS durations that were shorter than or the same as the training CS duration. However, between-groups comparisons were complicated by the rapid diminution of responding during extinction, which yielded little data suitable for the temporal analysis, particularly in the group extinguished on the short CS duration.
Experiment 2
Experiment 2 had two purposes. First, we sought to determine whether PRF training would render subjects more sensitive to changes in CS duration during extinction. Second, we wished to characterize temporal rescaling using a training procedure (PRF) that favors more robust responding in extinction. We predicted that partial reinforcement would yield more responding during extinction and the spontaneous recovery test session, thus enabling a more precise characterization of temporal rescaling during extinction. The procedure, results, and analysis are identical to those of Experiment 1, except rats were trained on PRF rather than CRF.
Procedure
The protocol was same as that of Experiment 1, except rats were trained on a PRF schedule. Each training session consisted of 32 CS presentations, of which a randomly selected eight were reinforced. As in Experiment 1, subjects received 80 extinction trials with CS durations of 6 s (n ϭ 16), 12 s (n ϭ 16), or 24 s (n ϭ 16). A test session consisting of 16 presentations of the 12-s CS occurred on the day following extinction.
Results and Discussion
As shown in Figure 7 , during acquisition training rats reached asymptotic levels of responding within approximately six training sessions. Response rates during the CS where substantially higher than those during the pre-CS period, defined as the 12 s prior to CS onset.
The extinction data in eight-trial blocks are displayed in Figure  8 . As in Experiment 1, the pre-CS response rates were quite low during extinction ( Figure 8A ). Nevertheless, there were modest differences among groups early in the extinction session. A CS Duration ϫ Trial Block ANOVA turned up a significant interaction effect (F 18,405 ϭ 1.8, p ϭ .021, p 2 ϭ .07 [.005, .076]. Group 6 and 12 rates exceeded those of Group 24 in the first trial block (ps Ͻ .01) and Group 12 exceeded both other groups in Trial Block 3 (ps Ͻ .01). Out of concern that the pre-CS responding might affect interpretation of CS responding, we analyzed CS responding Figure 7 . Acquisition of magazine approach to the noise CS in Experiment 2. The CS-US interval was 12 s for all subjects. Error bars represent Ϯ 1 SEM. Figure 6 . Bootstrapping was performed on the curve fits from Experiment 1 to determine whether the reduction in responding during extinction was itself sufficient to cause a shift in I. A,B: Example data from the boostrapping experiment. To test the hypothesis that a reduction in responding is sufficient to shift I, we generated bootstrap samples by randomly selecting n responses from the real distribution of response times. The value of n corresponded to the number of responses occurring during a particular trial block (Source n ). The trial block from which response times were drawn is denoted Source RT . Source RT could be either block 1 or the same block as Source n . The bootstrap samples were fit and the I value calculated as described above. C: Results of the bootstrap experiment. I is expressed as a fraction of the extinction CS duration. In Groups 6 and 12, I did not differ as a function of Source RT . In Group 24, changes in Source n increased I when responses times were drawn from Source n but not when all response times were drawn from block 1 only. This pattern confirms that the increase in I during extinction in Group 24 exceeded any change expected purely on the basis of diminished responding. This document is copyrighted by the American Psychological Association or one of its allied publishers.
using both absolute CS response rates and difference scores (CS rate-ITI rate; data not shown). Because the pre-CS response rates were quite low, the choice of measures did not affect any of outcomes discussed below. Therefore, our analysis of CS responding focuses on absolute response rates, as in Experiment 1. As in Experiment 1, the extinction CS response rates were affected by CS duration. Figure 8B shows whole-trial response rates as a function of extinction trials. ANOVA confirmed a significant effect of group (F 2,45 ϭ 3.5, p ϭ .038, p 2 ϭ .14 [.004, .268]). Planned pairwise comparisons confirmed significant differences between Groups 12 and 24 (p ϭ .021) and between 6 and 24 (p ϭ .034) but not between Groups 6 and 12 (p ϭ .849). To assess the strength of evidence against a difference between Groups 6 and 12, we computed a Bayes factor, which indicated that the data from these two groups were modestly more consistent with the null hypotheses (response rate affected by trial block only) than under the alternative hypothesis (affected by CS duration and trial block; BF 01 ϭ 2.8).
As in Experiment 1, the effects of changing the CS duration on extinction speed varied depending on which portion of the CS duration was analyzed. When the response rates were recalculated using only the first 6 s of each CS presentation ( Figure 8C ), Group 24 continued to exhibit faster extinction. ANOVA confirmed a significant effect of group (F 2,45 ϭ 11.3, p Ͻ .001, p 2 ϭ .34 [.135, .466] ). Pairwise comparisons confirmed that Group 24's response rate was lower than that of the other two groups (ps Ͻ .01) but Groups 6 and 12 did not differ significantly (p ϭ .119). A Bayes factor indicated that the Group 6 and 12 data were about equally likely under the null and alternative hypotheses (BF 01 ϭ 1.1). The data suggest that extending the CS duration had a larger effect on extinction speed than did shortening the CS duration, but we cannot confidently conclude that shortening the CS duration had no effect on extinction speed. In contrast, when extinction was analyzed using only the final 6 s of each CS presentation ( Figure  8D ) there was no significant effect of either increasing or decreasing the CS duration on extinction speed. In the Group ϫ Trial Block ANOVA there was a significant effect of trial block (F 9,405 (F 18,405 ϭ 1.5, p ϭ .101) . However, the Bayes factor indicated that the data were about equally likely under a model including only trial block as a predictor as compared to a model including trial block and CS furation (BF 01 ϭ 1.5). Thus, although assessing extinction on the basis of response rates at the end of each trial attenuates the effect of CS duration on extinction speed, this analysis regime may not completely abolish the effect of CS duration.
On the day following extinction, subjects received test trials with the original CS duration (see Figure 9 ). Response rates during the pre-CS periods ( Figure 9 , left panel) were quite low and did not differ by CS furation (F Ͻ 1), trial block (F 1,45 ϭ 1.5, p ϭ .232), or the interaction (F Ͻ 1). During the CS periods ( Figure 9 , right panel), responding was higher in Groups 6 and 12 than in Group 24. ANOVA yielded a significant effect of Group (F 2,24 ϭ 7.3, p ϭ .002, p 2 ϭ .24 [.065, .383] ). Pairwise comparisons confirmed that the response rate of Group 24 was significantly lower than that of the other groups (ps Ͻ .01), but Groups 6 and 12 did not differ significantly (p ϭ .571). A Bayes factor computed on the data from Groups 6 and 12 strongly favored the null hypothesis (no difference between Groups 6 and 12; BF 01 ϭ 98.9). In PRF training, extending the CS duration in extinction facilitated longterm extinction, but shortening the CS duration failed to attenuate long-term extinction.
Timing in extinction. To evaluate possible temporal rescaling of the CR during extinction, we plotted response rates during This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
extinction as a function of time within each CS presentation (see Figure 10 ). As in Experiment 1, Group 24's asymptote shifted rightward during the course of extinction. Response timing was quantified using curve fitting, as in Experiment 1. The number of subjects meeting criteria for inclusion in the analysis is shown in Figure 11A . Although the mean coefficient of determination (r 2 ) exceeded 0.9 in all groups ( Figure 11B ), there were significant effects of group (F 2,41 ϭ 6.3, p ϭ .004) and trial block (F 1,222 ϭ 10.0, p ϭ .002) on this measure, confirming that the fits were slightly better for Groups 12 and 24 than Group 6 and that the quality of the fits declined somewhat over trial block. Raising the criterion r 2 to 0.9 abolished these effects but failed to alter the statistical outcomes reported below. The value of the I parameter increased over trials only in the Group 24 ( Figure 11C ). There was a significant Group ϫ Trial Block interaction on the I parameter (F 2,224 ϭ 7.2, p ϭ .001). One-way analysis on the individual groups showed a significant effect of trial block in the Group 24 (F 1,76 ϭ 14.7, p Ͻ .001) but not in Group 6 (F 1,69 ϭ 3.0, p ϭ .085) or Group 12 (F 1,77 ϭ 1.9, p ϭ .170).
To assess whether the temporal rescaling in Group 24 exceeded any effect expected purely on the basis of a diminution in responding, we conducted a bootstrapping experiment (Figure 11D ). As in Experiment 1, responses were drawn with replacement from Block 1 (Source RT ϭ Block 1) or, for comparison, from each of the extinction trial blocks (Source RT ϭ Source n ). The number of responses in each bootstrap sample was determined by the number of responses that occurred in each actual extinction block. The obtained I values for each group were fit to linear mixed models using the same method as Experiment 1. The Source RT ϫ Source n interaction was significant for Group 24 ( 2 ϭ 12.7, df ϭ 1, p Ͻ .001) but not for Groups 6 ( 2 ϭ 1.8, df ϭ 1, p Ͻ .177) and 12 ( 2 ϭ 1.8, df ϭ 1, p Ͻ .180). Bayes factors indicated a modest preference for the main effects models for Groups 6 (BF 01 ϭ 2.3) and 12 (BF 01 ϭ 3.0), but for Group 24 the interaction model was preferred (BF 10 ϭ 3.9). In summary, temporal migration was detected only in Group 24, and the bootstrap analysis confirms that the temporal rescaling in Group 24 was not an artifact related to changes in response rate during extinction.
Temporal rescaling may have also influenced response patterns on the test trials when Group 24 was re-exposed to the original CS duration. To the extent that responding rescaled to the 24-s extinction CS duration, relatively few responses would occur during the test trials that are only 12-s in duration. Figure 12A shows the temporal distribution of responses during the first eight test trials with the 12-s CS. These distributions are superimposed on temporal distributions from extinction in Figure 12B . We selected the extinction block whose response rate was most similar to that during the test session. This was Trial Block 6 for Groups 6 and 12 and Block 3 for Group 24. The test trial temporal distributions closely approximate those from extinction. Each group was individually subjected to Phase (Test v. Extinction) ϫ Time (seconds within CS) ANOVA, including the first 6 s (Group 6) or 12 s (Groups 12 and 24) of the test session data. The Phase ϫ Time interaction failed to reach significance for any of the three groups (Fs Ͻ 1). We also computed Bayes factors to assess whether the temporal distributions were more consistent with the null hypothesis (affected by Time in CS only) or the alternative hypothesis (affected by Time, Phase or the interaction). The Bayes factors strongly favored the null hypothesis (Group 6: BF 01 ϭ 35.0; Group 12: BF 01 ϭ 68.8; Group 24: BF 01 ϭ 263.1). The temporal distributions suggest that the low recovery observed in Group 24 is in part attributable to temporal rescaling that occurred during extinction, which caused fewer responses to be emitted during the first 12 s of the CS. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
General Discussion
There were three main findings. First, after both CRF training and PRF training, neither within-session extinction nor retention of extinction were driven by cumulative CS exposure. Second, changing the CS duration between training and extinction facilitated withinsession extinction. Following CRF in Experiment 1, CSs of both greater and lesser duration than the training CS generated lower initial response rates than did CSs of the same duration as the training CS. Following PRF in Experiment 2, only the group with the longer CS duration showed diminished responding in extinction. Third, after both CRF and PRF training, increasing the CS duration during extinction caused temporal rescaling of CRs, in that CRs occurred later within the CS. This rescaling partially accounted for the effects of extinction CS duration on within-session extinction and on retention of extinction across sessions.
Temporal rescaling during extinction was asymmetric. Lengthening the CS duration caused CRs to migrate toward the end of the extinction CS, whereas we did not detect consistent rescaling when the CS duration was shortened (though in several extinction blocks the average response rate near the end of the short CS was numerically higher than that of the other groups). The asymmetry may be a consequence of the shape of the temporal distributions of CRs. There is a latency of 1-2 s before most subjects reach the feeder trough. The CR rate then ramps up as a function of time during the training CS (e.g., Figure 4 ). As a result, when the CS is shortened during extinction, the peak response rate still occurs at the end of the CS, as it did during training. It is possible that 6 s is just not long enough to always see a leftward migration of the highest rate of responding. In contrast, when the CS duration was extended to 24 s in extinction, during the initial extinction trials response rate reached asymptote near the end of training CS-US interval (12 s; e.g., Figure 10 , top left panel) and then remained at the asymptote for the duration of the CS presentation. As extinction progressed, CRs became more delayed, and the asymptote was not reached until the end of the CS presentation. Thus, extending the CS in extinction shifted timing of CRs, whereas shortening the CS duration to 6 s had comparatively little effect on CR timing.
We investigated the possibility that temporal rescaling during extinction was an artifact produced by a decline in response rate. A decline in response rate could, in theory, produce an apparent rightward shift in the onset of CRs or the peak in CRs. However, bootstrap analysis ruled out this explanation by demonstrating that a reduction in the number of responses per trial in extinction was not sufficient to reproduce temporal rescaling. The fact that rescaling was consistently observed only in Group 24, even though all groups exhibited diminished responding in extinction, also argues against the interpretation that rescaling is caused by diminished responding.
Why did temporal rescaling occur? We can envision both temporal and associative accounts for this phenomenon. One Figure 11 . Characterization of response timing in Experiment 2. A: Number of subjects meeting criteria for inclusion in the temporal analysis. B: Coefficient of determination (goodness of fit) for the Weibull fits. C: The value of the I parameter as a function of extinction trials. D: Results of the bootstrapping experiment used to determine whether the shift in I during extinction exceeded any shift produced purely by a reduction in response rate. In Groups 6 and 12, I was affected by neither Source RT nor Source n , indicating that the diminution of responding during extinction was not sufficient to alter I. In Group 24, changes in Source n altered I when response times were drawn from Source n but not when response times were drawn from Block 1 only. This pattern confirms that the increase in I during extinction in Group 24 exceeded any change expected purely on the basis of diminished responding. Error bars represent Ϯ 1 SEM. This document is copyrighted by the American Psychological Association or one of its allied publishers.
possibility is that a temporal map of the expected time of US delivery represents an integration of temporal information from both the training and testing experience (Arcediano, Escobar, & Miller, 2003; Balsam & Gallistel, 2009; Polack, Molet, Miguez, & Miller, 2013; Taylor, Joseph, Zhao, & Balsam, 2014) . In this view, during training, rats would learn that pellets should be expected shortly after CS offset. They would also come to expect CS offset to occur 12 s after CS onset. During extinction they learn a new expectation of how long the CS will last and integrate this new information with the expectation that the US occurs shortly after CS offset. The integration of this information results in an expectation of the US at the end of the new CS duration. Another possibility is that the new CS duration acquires the ability to control timed CRs through second order conditioning. In this view, CS offset serves as a first-order CS to condition the nominal CS at a new duration. In either case-whether it is an expectation of the US or expectation of CS-offset-CRs rescale to accommodate the changed timing of CS offset. Both accounts lead to the prediction that temporal rescaling will fail to occur if CS offset and reward are uncorrelated during training-for instance, if rewards are delivered prior to CS offset. Alternatively, temporal expectations could be encoded as relative rather than absolute durations with respect to the CS duration and automatically rescale when durations change (Wan, Djourthe, Taylor, & Balsam, 2010) . In this case, rescaling should occur during extinction even if CS offset and reward were decorrelated during training. An associative account of temporal rescaling would draw on the idea that the associability of a cue can be dissociated from its ability to elicit CRs (Le Pelley, 2004; Pearce & Hall, 1980) . Although in this study CRs occurred at a higher rate in the later segments of the CS than the earlier segments, it is conceivable that associability was higher at the start than at the end, at least in the long CS groups-for instance, because the early CS segment had previously been reinforced whereas the end had not (Mackintosh, 1975) . Such variations in associability would cause the early segments of the CS to extinguish more rapidly than the later segments. A comparison of Figures 8C and 8D confirms that the first 6 s of the 24-s CS indeed extinguished faster than its final 6 s, lending some credence to this account.
The rescaling is somewhat surprising given that responding migrated away from the trained CS-US interval rather than away from the nonreinforced CS duration, as might have been expected based the phenomenon of "peak shift" observed in discrimination experiments (Hanson, 1959) . However, to our knowledge, peak shift has only been demonstrated in subjects explicitly trained on a discrimination and has not been observed when the only exposure to the nonreinforced cue occurs during extinction (Honig, Thomas, & Guttman, 1959; Rosen & Terrace, 1975) . The absence of peak shift in the present and other extinction experiments may provide some insight into the nature of extinction learning. Peak shift has been hypothesized to reflect the learning of partially overlapping gradients of excitation and inhibition (Spence, 1937) . The absence of peak shift in the present experiment suggests that massed nonreinforced exposure to a CS is not sufficient to produce significant inhibitory associations, although in other learning paradigms the extinguished cues may become inhibitors (Rescorla, 1997) .
Our data are consistent with the idea that within-session extinction and retention of extinction are regulated by distinct processes (Drew et al., 2004; Plendl & Wotjak, 2010; Vurbic & Bouton, 2014) . In both CRF and PRF, within-session extinction was speeded by an increase in CS duration during extinction, consistent with other reports (Drew et al., 2004; This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Pearce, 2003; Plendl & Wotjak, 2010) . For retention of extinction, however, the effects of changing the CS duration differed depending on whether training was CRF or PRF. After CRF training, shortening the CS duration in extinction reduced retention of extinction, whereas after PRF training, lengthening CS duration facilitated retention of extinction. We are hesitant to draw conclusions from this dissociation because extinction proceeded considerably faster after CRF than PRF, meaning that the CRF subjects were overtrained in extinction but the PRF subjects were not. Furthermore, CRF subjects displayed very little responding during the postextinction test session, which renders the absence of group differences somewhat uninformative. Thus, it is not clear whether the observed differences between CRF and PRF groups in extinction relate to reinforcement schedule per se versus less interesting procedural differences. We did not obtain support for the hypothesis, advanced in time-based models (Gallistel & Gibbon, 2000; Gibbon & Balsam, 1981) , that extinction is driven by cumulative CS exposure. The cumulative exposure account predicts that increases or decreases in CS duration will have symmetric effects on the speed or strength of extinction: increasing CS duration should speed (per-trial) extinction, whereas shortening CS duration should slow (per-trial) extinction. Earlier studies using CRF training failed to support this hypothesis Drew et al., 2004; Plendl & Wotjak, 2010) . We asked whether PRF training would favor more temporally based reward expectations that might make extinction more amenable to a time-based account. Our results, like those of Bouton et al. (2014) , did not support this hypothesis. After both CRF and PRF training, within-session extinction was speeded by an increase in CS duration, but a decrease in CS duration failed to produce a commensurate slowing of extinction. Our data are consistent with the interpretation of Drew et al. (2004) that that within-session extinction is driven largely by two factors: the number of CS presentations and generalization between the training CS duration and extinction CS duration. That is, within-session extinction accrues as a function of the number of CS presentations, but changes in CS characteristics (duration, in this case) cause generalization decrement and create the appearance of faster extinction.
However, similar to Drew at al. (2004) , the generalization decrement account is complicated by asymmetrical effects of changing the CS duration. An increase in CS duration speeded extinction, but a decrease in CS duration did not consistently do so. This asymmetry may be attributable in part to temporal migration of the CR during extinction, which was itself asymmetric: rescaling occurred in the groups experiencing a longer CS duration during extinction but not groups in which the CS duration was the same or shorter during extinction. Because of temporal migration, the response rate early in the CS declined faster in the long CS groups than the short and unchanged CS duration groups. Perhaps as a consequence of this, in PRF (but not CRF) training, group differences in extinction speed were attenuated when response rate was calculated from the final 6 s of the CS. In summary, within-session extinction was speeded by extending the CS duration during extinction, and this effect was partially attributable to temporal migration of the CR.
Asymmetries were also observed with respect to retention of extinction. After CRF training retention of extinction was modestly impaired by a reduction in CS duration, but increasing the CS duration failed to enhance retention of extinction. The results replicate those of Drew et al. (2004 Experiments 1 and 2) , who observed the same asymmetry when the CS duration was doubled or halved during extinction. After PRF training, however, a different asymmetry was observed: an increase in CS duration enhanced retention of extinction, but a decrease in CS duration failed to impair extinction retention. Analysis of CR timing suggests that impaired extinction retention in the PRF Group 24 (CS duration extended in extinction) was explained by temporal rescaling of the CR. During extinction the peak response rate migrated later in the trial, and the migration appeared to be maintained during the test session with the original CS duration. As a result, PRF Group 24 emitted fewer responses during the 12-s CS presentations in the test session.
In summary, our data our incompatible with the hypothesis that extinction is driven by cumulative CS exposure. However, consistent with earlier reports, increasing the CS duration during extinction facilitates the loss of responding. The effect of increasing the CS duration has several components. First, there may be an initial generalization decrement so that the CS of changed duration controls a lower response rate. In addition, temporal rescaling of the CR to the duration of the extinction CS can also change response rate. In our experiments this was most clear when CS duration was increased and responding was rescaled to the new duration during extinction treatment. Despite the rescaling, Experiment 2 clearly showed that the same number of extinction trials were required to reduce responding equivalently no matter what the duration of the CS during extinction. Furthermore, at least some of the time, changing CS durations may protect the original CS from being fully extinguished resulting in poor retention of the extinction experience. Prolonged exposure therapy is a component of treatment for many anxiety disorders (Craske & Mystkowski, 2006; Levis, 2009) including social anxiety disorder (Anderson et al., 2013) , anorexia nervosa (Steinglass et al., 2014) obsessive-compulsive disorder (Shikatani et al., 2014) as well as posttraumatic stress disorder (Powers, Halpern, Ferenschak, Gillihan, & Foa, 2010) . The current data suggest that temporally extended CS exposures may be less effective at eliminating unwanted responses than are exposures that more closely match the temporal relations experienced during the original learning.
